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Summary 
The Gin function of bacteriophage Mu catalyzes inver- 
sion of the G DNA segment, thus switching the host 
range of Mu phage particles. This site-specific recom- 
bination event takes place between inverted repeat se- 
quences (IR) that border the G segment. Sequences in 
the Mu/3 region extending approximately from position 
118 to 178 are essential for efficient inversion. In cis 
this region, termed sis, stimulates inversion about 15- 
fold. Neither the relative orientation of sis with respect 
to the IR sequences nor the distance to IR substan- 
tially influences the stimulatory effect. For full activity 
purified Gin protein must be supplemented with crude 
host factor from E. coli K12. We suggest that, in addi- 
tion to Gin, a DNA-binding host protein is required for 
efficient G inversion. 
Introduction 
The G area of bacteriophage Mu includes a 3 kb seg- 
ment found in different orientations in phage DNA (Daniell 
et al., 1973; Hsu and Davidson, 1974). The orientation of 
this segment can switch via a site-specific recombination 
event. The two orientations are termed G(+) and G(-), 
respectively (Kamp et al., 1978). Recombination takes 
place between two identical, 34 bp long sites, which flank 
the G segment as inverted repeats (Plasterk et al., 1983a; 
R. Kahmann and D. Kamp, unpublished). Inversion is 
catalyzed by the phage-coded function Gin, which maps 
just outside the invertible segment in the so-called p re- 
gion (Kamp et al., 1978). The G segment and the flanking 
region to the left of it, ~, contain information for two sets 
of genes, S, U and S', U' (Howe et al., 1979), which are alter- 
nately expressed. These genes are involved in tail-fiber 
biosynthesis and determine the adsorption properties of
Mu phage (Kamp et al., 1978; van de Putte et al., 1980; 
Kamp, 1981; Grundy and Howe, 1984; R. Sandulache, 
Ph.D. thesis, ML~nchen, 1985). As a consequence of the 
alternate expression of these genes, two types of phage 
particles are produced that are infectious for different host 
bacteria (Kamp et al., 1978; van de Putte et al., 1980; 
Kamp, 1981; Faelen et al., 1981). G inversion is a true 
genetic switch altering the host range of bacteriophage 
Mu. 
The G segment of phage Mu belongs to a family of 
closely related invertible segments. Other members are 
as follow: the H segment of Salmonella typhimurium, 
which controls phase variation; the C segments of phages 
P1 and P7 determining host range specificity; and the in- 
vertible P segment on the E coli chromosome with yet un- 
known function. The products of the respective invertase 
genes gin, hin, cin, and pin share more than 60% homol- 
ogy on the amino acid level and can complement each 
other (Plasterk and van de Putte, 1984). A significant ho- 
mology also exists to the resolution function tnpR of Tn3 
and y5 although no complementation has been observed 
(Simon et al., 1980; Kitts et al., 1983). 
The analysis of the inversion mechanism has only re- 
cently become possible with the development of in vitro 
assays for inversion (Piasterk et al,, 1984; Mertens et al., 
1984). The phage-encoded site-specific recombination 
function Gin has been overproduced, and biological and 
physical assays for inversion were developed. The sub- 
strate requirements for inversion in vitro are simple: the 
DNA has to be supercoiled, the reaction requires Mg 2÷ but 
not a high energy cofactor (Plasterk et al., 1984; Mertens 
et al., 1984). Gin shares these requirements with resol- 
vases (Reed, 1981). Gin preferentially catalyzes inver- 
sions of DNA. When the recombining sequences are ar- 
tificially arranged as direct repeats, Gin-mediated 
deletions occur at 100-fold lower frequency than do in- 
versions between substrates arranged as inverted repeats 
(Plasterk et al., 1983b). The opposite is true for resolvases 
of Tn3 and 7c~; these enzymes preferentially catalyze dele- 
tions between direct repetitions of resolution sites (res) 
(Reed, 1981; Krasnow and Cozzarelli, 1983; Kitts et al., 
1983). The underlying mechanism for these differences is 
not understood. 
Attempts to define physically the minimal sequence re- 
quirements for G inversion revealed several interesting 
aspects. The size of the G segment is not critical, a size 
reduction from 3000 bp to 132 bp does not affect the inver- 
sion frequency (Kahmann et al., 1984). Furthermore, inter- 
nal G sequences next to the left IR (termed L) and those 
flanking the right IR (termed R) are interchangeable. How- 
ever, inversion occurs only if at least one of the recombin- 
ing sites is flanked by/3' sequences up to position 250. A 
G segment flanked by ~ sequences on both sides is not 
inverted nor is a G segment in which/3 has been reduced 
to 50 bp (Kahmann et al., 1984). Thus the two recombining 
sites are unequal partners in the inversion reaction. This 
is in contrast o the situation in Tn3. Cointegrate resolution 
normally involves two equal partners that both contain 
multiple resolvase binding sites (Grindley et al., 1982). 
The presence of unequal partners in the site-specific 
recombination is reminiscent of the bacteriophage ~. site- 
specific recombination system. The recombination sub- 
strates attP and attB consist of a common core sequence, 
in which the exchange of strands occurs, and the four 
flanking arms that all differ in size. k integrative recombi- 
nation requires two proteins, the phage-coded Int function 
and an integration host factor (IHF) (Weisberg and Landy, 
1983). Both proteins interact with one or several specific 
sites in each att site (Craig and Nash, 1984). 
In this work we demonstrate that G inversion is stimu- 
lated by a defined region in/3. We show, furthermore, that 
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Figure 1. The Structure of Biological Test Plasmids for Monitoring G 
Inversion 
The details of construction are outlined in Experimental Procedures. 
The nee gene is drawn as a fat arrow indicating its sense transcript. 
Tn5 DNA is represented by a single line, pBR322 DNA is represented 
by a double line, striped bars indicate Mu DNA, and solid boxes mark 
the inverted repeat sequences of G. The P2 promoter of pBR322 is 
depicted as an open box. Only restriction sites usedfor construction 
are shown. Gin-mediated inversion switches the miniG(-) segment 
containing the neo gene in a counterclockwise orientation with respect 
to P2 to G(+), and the neo gene is subsequently transcribed from P2. 
The construction of all other n o plasmids followed the same principle. 
Gin requires a host factor for activity. The stimulating ef- 
fect of/3 sequences depends on this host factor. 
Results 
A Biological Test System to Monitor G Inversion 
We have previously developed a plasmid system to moni- 
tor G inversion physically (Mertens et al., 1984). The draw- 
back of this system is its low sensitivity; only inversion fre- 
quencies higher than 5% can be scored. For some of the 
experiments presented in this communication, it was 
necessary to increase the sensitivity. This was achieved 
by cloning a resistance-determinant gene between the IR 
sequences in such a manner that expression of this gene 
is orientation-dependent The scheme for construction of 
such a biological test plasmid is shown in Figure 1. A 1555 
bp fragment carrying the structural part of the neomycin- 
phosphotransferase gene (neo) was inserted into the Barn 
HI site situated within the mini-G-segment of pBRminiG. 
This fragment lacks the neo promoter, but can be tran- 
scribed if positioned properly with respect to the P2 pro- 
moter (St8ber and Bujard, 1981) of pBR322. A clone was 
isolated in which the neo gene has a counterclockwise 
orientation with respect to the P2 promoter (pBRminiG- 
neol, Figure 1). Plasmid DNA was incubated with purified 
Gin protein under standard reaction conditions. After 60 
min, the DNA was transfected into WA3782, a pin- host. 
The inversion frequency is then calculated from the ratio 
of Km r to Ap r transformants. Km resistance arises if the 
G segment has been inverted in vitro, thus allowing tran- 
scription of the neo gene from P2 (pBRminiGneo2, Fig- 
ure 1). Inversion frequencies for pBRminiGneol ranged 
from 30% to 45% in different experiments. These values 
agree well with a physical quantitation of inversion done 
by restricting the same DNA that was used for transforma- 
tion with a mixture of Eco RV and Bam HI (data not 
shown). Spontaneous Km r transformants arose with a fre- 
quency of <0.005%. These characteristics of the test sys- 
tem make it well suited for the analysis of inversion fre- 
quencies below the 5% margin reached in our physical 
assay system. 
The Map Position of the Stimulatory Sequence 
To determine further the sequence in/3 that is required for 
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Figure 2. Partial Nucleotide Sequence of Mu/~ and the Position of Deletion Endpoints 
The DNA sequence has been determined by Plasterk et al. (1983a) and R. Kahmann (unpublished). IR-R indicates the right inverted repeat ofthe 
G segment. Numbers give distances in base pairs, 1 being the first nucleotide to the right of IR-R. A indicates deletion endpoints; the number following 
A indicates the last position at the deletion endpoint that is identical with the Mu ~ sequence. A mini marks the right border of p sequences present 
in pBRminiG. The consensus binding sequence for IHF: 
T- PyAA. • • PuTTGaT • 
A. PUTT... PyAACtA . 
is taken from Craig and Nash (1984). Dots indicate sequences that share homology with the consensus sequence for IHF. Filled triangles indicate 
repetitions of the sequence PuAACAAPu. Py. 
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G inversion and that was shown previously to lie between 
51 bp (Xho II cleavage site) and 250 bp (Ava I cleavage site) 
to the right of G, we have generated small Bal 31 deletions 
starting at the Ava I site in pMuGFR4. All deletions lie 
within the structural part of the gin gene and abolish ex- 
pression, as was demonstrated in an in vivo complemen- 
tation assay (data not shown). The exact deletion end- 
points are indicated in Figure 2. Deletion derivatives of 
pMuGFR4 are termed pMuGFR X, where X indicates the 
length of remaining/3 sequences between IR-R and linker 
in base pairs. To assay inversion of these plasmids, the 
neo gene was inserted into the mini-G-segment using the 
same scheme as depicted in Figure 1. As a control we con- 
structed a plasmid that is devoid of/3 sequences and car- 
ries instead a G segment flanked by ~ sequences on both 
sides (pMuGFRoG~neo). pBRminiGneo was included in 
the test series as a plasmid containing all essential/3 se- 
quences. Inversion frequencies are summarized in Table 
1. Plasmids with deletion endpoints 234, 224, 208, and 178 
show about the same high level of inversion as pBRminiG- 
neo (29% to 33%). The inversion frequency is reduced to 
18% in pMuGFR168neo. A further size reduction of/3 se- 
quences to 138 bp is concomitant with a decrease in inver- 
sion frequency to 11.5%. All plasmids with 3 sequences 
shorter than 138 bp show a low, but measurable, inversion 
frequency in the range of 1.4% to 2.6%. pMuGFReG~neo 
also falls into this class of plasmids (1.7% inversion). The 
low inversion frequencies are significantly higher than the 
background value of <0.01%. We conclude that /3 se- 
quences are not essential for Gin-mediated inversion to 
occur. However, their presence stimulates the site-specific 
recombination about 15-fold. In accord with this property, 
we propose the name sis (sequence for inversion stimula- 
tion) for this sequence. The deletion analysis places sis 
approximately between positions 118 and 178, within the 
coding region of the gin gene. 
Stimulation of 6 Inversion Occurs in cis 
We have investigated the possibility that G inversion on 
one plasmid can be stimulated in trans by providing sis on 
a separate molecule. Equimolar amounts of pMuGFR51neo 
and pBRsis or pMuGFR51neo and pBR322 were in- 
cubated with Gin in the standard inversion assay and were 
then transfected into WA3782. For pMuGFR51neo + 
pBRsis, the inversion frequency amounted to 1.1% (1070 
Ap r colonies tested), for pMuGFR51neo + pBR322, the 
frequency amounted to 2.5% (950 Ap r colonies tested). 
We take this result to indicate that the presence of sis on 
a separate molecule has no stimulatory effect on inversion 
of the G segment on pMuGFR51neo. We are currently in- 
vestigating the possibility that the small differences in in- 
version frequency result from competition by sis. 
Position Effects of sis 
We have shown that sis(Mu) maps in the coding region of 
gin near the 5' end of the gene. The analogous regions in 
the related invertase genes, cin of P1 and hin of Salmonel- 
la, share 46% DNA homology with Mu gin in the sis area, 
however, these regions are situated at different positions 
relative to the recombining sites (Plasterk and van de 
Table 1. Inversion Frequencies of Plasmids with 
Deletions in the/3 Region 
Apr Colonies Percent 
Plasmid Tested Inversion* 
pMuGFReG~neo 787 1.7 
pMuGFR51neo 337 2.4 
pMuGFR94neo 643 2.0 
pMuGFR103neo 521 2.3 
pMuGFR104neo 621 1.4 
pMuGFR118neo 498 2.6 
pMuGFR138neo 392 11.5 
pMuGFR168neo 405 18.3 
pMuGFR178neo 459 32.5 
pMuGFR208neo 378 33.3 
pMuGFR224neo 267 31.5 
pMuGFR234neo 297 29.4 
pBRminiGneol 527 30.0 
pBRminiGneol(-Gin)t 7620 <0.01 
* Purified plasmid DNA was incubated with Gin protein in the stan- 
dard in vitro inversion reaction. Aliquots were transfected into WA3782. 
Representative values for one experiment are shown. With different 
Gin preparations, considerable variation in absolute inversion frequen- 
cies was observed. Percent inversion is calculated as the ratio of Km r 
to Ap r transformants. 
t All plasmids were transfected into WA3782 without prior incubation 
with Gin. Inversion frequencies were in the same range as shown here 
for pBRminiGneol. 
Putte, 1984). For this reason, we have investigated the im- 
portance of the position of sis with respect to the inverted 
repeats. This was accomplished by inserting a 161 bp Aha 
III sis-containing fragment into different places in pMuGI5. 
pMuGI5 lacks sis and is not inverted measurably in our 
physical assay for inversion (Kahmann et al., 1984). Sub- 
sequent insertion of the neo gene into the G segment of 
pMuGI5 and biological tests for inversion have shown that 
G in pMuGI5 is inverted with the same frequency as in 
pMuGFR51neo (data not shown). The cloning scheme for 
sis-containing fragments is depicted in Figure 3. The Aha 
III fragment was inserted in both orientations into the Eco 
RV site of pMuGI5, yielding plasmids pMuGI5-Ahal and 
pMuGI5-Aha2, respectively. In pMuGI5-Aha3, the frag- 
ment was inserted into the G segment of pMuGI5t~. In 
pMuGI5-Ahal, the relative orientation of sis with respect 
to the inverted repeats has been maintained, but sis is 
now preceding ~ sequences and IR-L, its distance from IR 
having been increased from 39 to 250 bp. pMuGI5-Aha2 
differs from pMuGI5-Ahal only in the orientation of sis. 
DNA from these plasmids was inverted in the standard in 
vitro assay using purified Gin, and inversion was moni- 
tored physically by cleavage with Hind II (Figure 3B). Frag- 
ments arising because of inversion cannot be detected in 
the control plasmids pMuGI5 and pMuGI5A (not shown) 
but are clearly visible in all three derivatives containing 
the sis sequence. Inversion frequencies calculated from 
densitometric scans range from 24% to 26% and thus do 
not differ significantly. This shows that sis functions 
regardless of its orientation relative to the IR sequences. 
To rule out the possibility hat sis stimulates inversion only 
in one direction (in all these instances inversion was from 
the G(- )  to the G(+) orientation), a derivative of pMu- 
GI5-Aha3 with G in the G(+) orientation was isolated 
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Figure 3. Structure of Plasmids Containing sis 
in Various Positions with Respect to the In- 
verted Repeat Sequences and Inversion In 
Vitro 
(Top) a linear epresentation f the G area of in- 
dividual plasmids. Only relevant cleavage sites 
are indicated. Solid lines represent Mu DNA 
and wavy lines represent pBR322 sequences. 
The G segment is not drawn to scale. Small 
solid boxes indicate he inverted repeat se- 
quences, the long solid box represents a 161 
bp Aha III fragment containing sis. The orienta- 
tion of the G segment is indicated by triangles: 
4 G(-), D- G(+). 
(Bottom) Hind II cleavage patterns of plas- 
mid DNA treated with Gin in a standard in vitro 
assay for 0 min (A) and 60 min (B). Fragments 
were separated on a 1.2% agarose gel. (1) 
pMuGI5; (2) pMuGI5-Ahal, (3) pMuGI5-Aha2, 
(4) pMuGI5-Aha3, (5) pMuGI5-Aha4, (6) pMuG3 
(-)AH. M is ~. DNA cleaved with Pst I. Arrows 
indicate fragments hat arise by inversion of the 
G segment. 
(pMuGI5-Aha4, Figure 3A). The inversion frequency of 
pMuGI5-Aha4 is 270, which compares well with the 26% 
determined for pMuGI5-Aha3. Plasmid pMuG3(-)AH was 
included as a control for the efficiency of inversion stimula- 
tion with sis in its natural position. The inversion frequen- 
cy amounts to 38% in the same experiment (Figure 3). 
sis Stimulates Inversion at a Distance 
Next, we investigated the importance of the distance be- 
tween sis and the recombining sites. Our standard plas- 
mid for inversion, pMuG3AH (Mertens et al., 1984; Kah- 
mann et al., 1984) was modified by insertion of a Bam HI 
linker into the Xho II cleavage site at position 51 in /3 
(pMuG3ABam; see Figure 5). Into this Bam HI site, which 
lies upstream of sis, Xho II fragments of X DNA, ranging 
in size from 70 to 2974 bp, were inserted. The resulting 
plasmids pMuG3ABam,~70, ~925, ~2156 ~2516, and ~2974 
(Figure 4), were subjected to Gin-mediated inversion in 
vitro. Inversion was monitored by cleavage with Hind II 
(Figure 4). All plasmids show bands characteristic for in- 
version, illustrating that sis maintains its stimulatory effect 
on inversion over a distance of at least 2974 bp. 
sis Can Be Replaced 
Inspection of the nucleotide sequence of sis revealed the 
presence of a sequence 5' TTCAAATATTTGTTC 3' (posi- 
tion 150 to 137, Figure 2) that matches the consensus bind- 
ing sequence of E. coil integration host factor IHF in 13 of 
15 positions. Since IHF is known to stimulate other site- 
specific recombination events, like the integration of lamb- 
doid phages, by binding to specific sites in the respective 
attachment-site regions (Craig and Nash, 1984; Leong et 
al., 1985), we were curious to see whether a fragment 
known to contain binding sites for IHF, such as the ~ at- 
tachment site, could substitute for sis(Mu) in stimulating 
G inversion, sis was removed from pMuG3ABam by cleav- 
age with Hind III and Barn HI (Figure 5) and was replaced 
by a 478 bp Bam HI-Hind III fragment encompassing a 
functional Xatt site (Mizuuchi and Mizuuchi, 1980). The 
resulting plasmid, pMuG3AA/3-~.attP was inverted in vitro 
(Figure 5). Inversion bands are clearly visible, although 
their intensity is reduced compared with inversion bands 
in pMuG3ABam. This illustrates that the ,Latt site can par- 
tially fulfill the function of sis(Mu). We are currently sub- 
cloning smaller fragments from the attachment site region 
to localize precisely the stimulating sequences. 
G Inversion Is Stimulated by a Host Factor 
The activity profile of Gin protein purified by DNA- 
cellulose chromatography does not correspond well to 
the amount of Gin protein present in the respective frac- 
tions (Figure 6). Fractions 4 to 7, which elute with 400 
to 700 mM NaCI, are usually more active than are frac- 
tions eluting with higher salt concentrations (800-900 
mM, fractions 9 and 10, Figure 6), although these latter 
fractions contain the largest amount of Gin protein. This 
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Figure 4. Restriction Analysis of pMuG3ABam and pMuG3ABam~. Derivatives and Physical Assay of Inversion in Vitro 
(Left) Xho II restriction pattern: (1) pMuG3&Bam, (2) pMuG3&Bam ~. 70, (3) pMuG3ABam ~ 925, (4) pMuG3ABam ,1. 2156, (5) pMuG3ABam ~. 2516, 
(6) pMuG3ABam ~. 2974, (7) ~. DNA. Fragments are separated on a 1.2O/o agarose gel. The 70 bp Xho II fragment in pMuG3ABam ~. 70 cannot be 
detected under these electrophoretic conditions. 
(Right) The same DNAs as in (left) were inverted in vitro in the standard inversion assay. (A) reactions were stopped at 0 min, (B) reactions 
were stopped after 60 min incubation with Gin. DNAs were cleaved with Hinc II and subjected to electrophoresis on a 1.2°/o agarose gel. Newly 
arising junction fragments are indicated by arrows. 
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Figure& Physical Structure of Plasmids 
pMuG3ABam and pMuG3AA/J-~.attP and Inver- 
sion In Vitro 
(Left) the circular maps of plasmids are shown. 
Open bars represent pBR322, striped bars rep- 
resent Mu DNA. The inverted repeat se- 
quences are marked by a solid box. The Xho 
II site in the fl part of pMuG3&H has been con- 
verted to a Bam HI site in pMuG3ABam. (Right) 
Hinc II cleavage patterns of pMuG3AAfl-~.attP 
(1),and pMuG3ABam (2), after incubation with 
Gin in the standard inversion assay. (A) reac- 
tions were stopped at 0 rain, (B) reactions were 
stopped after 60 rain incubation with Gin. Frag- 
ments were separated on a 1.2% agarose gel. 
Fragments characteristic for inversion are indi- 
cated by arrows. 
raised the possibility that such fractions might be depleted 
of another protein eeded for inversion. Because the sis 
sequence in/3 shares homology with an IHF binding site, 
we tested whether IHF is a stimulatory factor for G inver- 
sion. Crude host protein factor was prepared from wild- 
type himA and himA/himD double mutants for IHF es- 
sentially as described (Nash, 1983). To reduce DNAase 
activity, the extracts were boiled for 15 rain prior to use. In- 
creasing amounts of factor were added to the inversion 
reaction together with a Gin protein fraction, which by it- 
self does not catalyze inversion to a level detectable in our 
physical assay (Figure 7E). 
The wild-type, as well as mutant extracts from two differ- 
ent himA strains and from one himAIhimD strain, stimulate 
the inactive Gin preparation to the same extent. Inversion 
increases proportionally with the amount of extract added 
(Figure 7) and reaches a value of "~40% , which is the 
amount usually reached with active Gin fractions (see Fig- 
ure 3). A host factor extract alone does not catalyze inver- 
sion (not shown). This demonstrates that a factor is pres- 
ent in extracts of E. coil K12 that can restore the activity 
of"inactive" Gin fractions. Since himA and himAIhimD mu- 
tant extracts how the same degree of stimulation as wild- 
type extracts, the host factor is not likely to be IHF. This 
was corroborated in experiments with purified IHF (a 
generous gift of H. Nash). In the in vitro inversion reaction, 
no stimulation of inversion was observed after addition of 
up to 100 ng IHF. Furthermore, we have demonstrated that 
plasmid pMuG3AH is inverted at normal rates in vivo when 
transformed into the himAIhimD mutant strain, which car- 
ries a Mu gin + prophage integrated into the himD locus (not 
shown). Neither calf-thymus DNA, t-RNA, BSA, purified 
ssB (a generous gift of E. Lanka), nor purified NS1 and 
NS2 (a generous gift of A. Subramanian) could simulate 
the effect of a crude extract (not shown). The factor must 
be proteinaceous, since the stimulation activity disap- 
pears when the extract is treated with trypsin before the 
addition of trypsin inhibitor. In the reverse order of addi- 
tion, inversion stimulation is unaffected (not shown). 
To investigate the role of the factor in the inversion pro- 
cess, we have determined the level of recombination on 
plasmids with (pBRminiGneol) and without (pMuGFRa- 
Ganeo) sis. Conditions were chosen such that a constant 
amount of "inactive" Gin protein and variable amounts of 
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Figure 6. Elution Profile of Gin from DNA-Cellulose and Correlation 
with Activity 
(Top) SDS-Page of column fractions. One milliter of flow-through (F), 
1 ml wash (W), and 100 HI of each gradient fraction 1-11 (see Experi- 
mental Procedures) were dialyzed against 25 mM Tris-HCI (pH 6.8), 
vacuum dried, and resuspended in 15/~1 H20. Fifteen microliters crack- 
ing buffer was added, and samples were loaded on a 15% SDS-poly- 
acrylamide gel after boiling for 3 min (Laemmli, 1970). The gel was 
stained with Coomassie Brilliant Blue G-250 and was destained as de- 
scribed by Weber and Osborn (1969). M shows marker proteins of mo- 
lecular weights 97,400; 66,000; 35,000; 29,000; 24,000; and 14,000. The 
arrow marks the Gin protein. 
(Bottom) Physical assay for G inversion. After dialysis against Gin 
storage buffer, 1 /A of each column fraction (numbering is the same 
as above) was assayed in the standard G inversion reaction using 
pMuG3(-)AH DNA as a substrate. DNA was cleaved with Hind I1. Frag- 
ments were separated on a 1.2% agarose gel. Arrows mark bands aris- 
ing because of inversion. 
host factor were inc luded in the reaction. Invers ion fre- 
quenc ies  were  determined  using the bio logical  assay  
(F igure 8). The  initial inversion f requenc ies  for both plas- 
mids without  host factor are about  equa l ly  low (pBRmini -  
Gne01:0.02%; pMuGFR~G,neo:O.05%). By addit ion of 
host factor the invers ion f requency  of pMuGFR~-G~neo is 
max imal ly  ra ised by a factor of  two. This  is in sharp  con- 
trast to pBRminiGne01. Here inversion f requency  in- 
c reases  l inear ly with increas ing amounts  of factor added.  
Saturat ion is not reached,  s ince we cannot  fur ther  in- 
c rease  the amount  of c rude factor in the react ion without  
interference.  Compared  with the initial va lue wi thout  host 
factor, inversion is st imulated about  200-fold (5/A of extract 
added) .  This  exper iment  strongly suggests  that the host 
factor exerts  its st imulatory ef fect  on invers ion at sis. 
Discuss ion  
Through ana lys is  of Bal 31-generated de let ions  in the Mu 
Figure 7. Stimulation of "Inactive '~ Gin by Crude Host Factor 
A Gin fraction, which by itself shows no physically detectable inversion 
activity, was incubated with increasing amounts of crude host factor (in 
microliters, indicated above each slot) in an in vitro standard inversion 
reaction with pMuG3 (-)  AH DNA for 60 min. DNA was cleaved with 
Hind II and was separated on a 1.2% agarose gel. Crude extracts were 
from (A) K5070, (B) K5199, (C) K5242, (D) K5240 strains. (E) the reac- 
tion contains Gin without crude host factor. M is ~. DNA cleaved with 
Hind Ill. Arrows mark bands arising because of inversion. 
t 
1 2 3 4 5 
Qmounf of e×~r~ct added (pl) 
Figure 8. Inversion Stimulation by Crude Host Factor: Influence of sis 
Plasmid DNA of pBRminiGneol (containing sis, filled circles) and 
pMuGFR~Ganeo (lacking sis, open circles), respectively, were incu- 
bated with purified Gin (1/~1 of a 1:10 dilution of fraction 10, which corre- 
sponds to about 20 ng protein, Figure 6A) and 0 to 5 HI crude host factor 
prepared from K12AHIAtrp under standard buffer conditions for 60 min 
at 37°C. Inversion frequencies were calculated after transformation 
into CSH50. For each point in this graphic representation, 390-615 
Apr and 20-747 Km r colonies were counted. 
fJ region, a nuc leot ide sequence,  sis, has been def ined,  
which st imulates G inversion about  15-fold. Sequences  
necessary  for sis funct ion must lie between the delet ion 
endpo int  fur thest  to the right, g iv ing the same high inver- 
s ion level as pBRminiGneo, which is delet ion 178, and the 
delet ion endpo int  fur thest  to the left, g iv ing the same low 
inversion f requency  as pMuGFRc~G~neo, which is dele-  
tion 118. Hence,  sis is s i tuated within the coding sequence  
of the gin gene, near  its 5' end. S ince all de let ions  extend 
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into sis from the right, the definition of the left border of 
sis must remain less precise for the following reasons: the 
G segment in plasmids with deletion endpoints 118, 51, 
and pMuGFR~G~ are inverted with about the same fre- 
quency, which shows that the functional part of sis maps 
to the right of position 118. We cannot, however, exclude 
the possibility that additional sequences to the left of posi- 
tion 118 contribute to sis function. This is in fact suggested 
by the finding that maximum stimulation by sis is ob- 
served when this sequence is present in its natural posi- 
tion in/~. A slight decrease in inversion stimulation is al- 
ready observed when the Xho II site at position 51 is 
converted to a Bam HI site by insertion of a linker (not 
shown). Furthermore, when the Aha III fragment carrying 
sis (left border position 38) is moved to other positions, the 
wild-type level recombination frequency is not attained 
(24%-27% versus 38%, Figure 3). 
In plasmids with deletion endpoints 168 to 138, stimula- 
tion is not completely abolished. Instead, these plasmids 
show intermediate inversion frequencies of 18.3% and 
11.5%, respectively. Such intermediate values could be 
understood if we suppose that sis is a specific nucleotide 
sequence built up of several protein recognition sites. 
Therefore, we have searched for repeated sequences in 
sis (Figure 2). The sequence 5' GAACAAPu.APy 3' is 
repeated twice at positions 136 to 145 (11) and 164 to 173 
(111) and once in inverse orientation in the slightly modified 
form 5' PuAACAAPu .APy 3' (position 124 to 115, I). If these 
sequences represent protein binding sites, deletion 168 
would destroy site III, leaving sites I and II intact. This 
might account for the observed slight reduction in inver- 
sion stimulation. Deletion 138 would destroy site II, leav- 
ing just site I intact, which could explain the weak stimula- 
tion by this mutant. In deletion 118, all three sites were 
removed, which would be consistent with the observation 
that this mutant lacks stimulating activity. Two additional, 
less perfect matches to this sequence are found between 
IR-R and position 118 (5' AACAAPu.Pu 3', position 81 to 
88; 5' PuAACAPuPu.Pu 3', position 39 to 46; Figure 2). We 
think that these sequences might contribute to sis 
function. 
Encouraged by our results, H. Huber and S. lida (per- 
sonal communication) have shown that Cin-mediated in- 
version in P1 also involves a stimulating sequence, sis 
(P1), which maps in the 5' portion of the cin gene. They 
have shown, furthermore, that they can substitute sis(P1) 
by a sequence containing the beginning of the hin gene 
of Salmonella typhimurium. We have therefore compared 
DNA sequences from the respective parts of the invertase 
genes, hoping to verify the conservation of the three se- 
quence blocks found in Mu. Although the DNA sequences 
share 46% homology in this region, the decamer se- 
quence is not conserved (not shown). We believe, there- 
fore, that it is premature to assign functional sites to this 
region until DNA protection experiments with purified pro- 
teins can be performed. 
Our experiments have shown that sis is not essential for 
Gin-mediated, site-specific recombination. In the absence 
of sis, inversion frequencies are reduced about 15-fold. 
This could reflect true inversion without sis(Mu) or could 
indicate that pBR322, our cloning vehicle, might contain 
pseudo-sis sequences. These experiments extend and 
modify our previous studies, where we have shown, in a 
physical assay, that a G segment in plasmids with 
resected p sequences (51 bp) is not inverted (Kahmann et 
al., 1984). Since sis can be moved to other positions in a 
plasmid and maintain its enhancing effect on recombina- 
tion, we infer that sis need not be contiguous with the 
recombination sites (the IR sequences). This is corrobo- 
rated by the finding that sis could still stimulate G inver- 
sion after the distance to IR was increased by 2974 bp. 
Very surprising was the discovery that the relative posi- 
tion of sis with respect to the recombining sites can be al- 
tered without loss of inversion stimulation. Thus, sis en- 
hances recombination independent of its orientation or 
position with respect to the IR sequence. These results al- 
low two interpretations. Either sis has no built-in polarity 
or, if it has, then its stimulatory effect on recombination 
must extend over a distance of about 4200 bp, almost the 
entire pBR322 sequence in pMuGI5-Aha2. All experi- 
ments presented in this communication suggest that sis 
maintains its stimulatory effect as long as it is present on 
the same molecule as the two recombining sites. In its 
ability to enhance site-specific recombination at a dis- 
tance, sis is unprecedented. The properties of sis appear 
reminiscent of eukaryotic enhancer elements that potenti- 
ate transcription in cis relatively independent of position 
and orientation (Khoury and Gruss, 1983). 
How does sis enhance recombination? We have shown 
that a host protein, which is not IHF, enhances G inver- 
sion. We propose to name this factor FIS (faetor for inver- 
sion stimulation). FIS is a heat-stable protein of E. coil K12 
and can be digested with trypsin. FIS shares these prop- 
erties with IHF (Nash and Robertson, 1981). Since we 
have not yet isolated a host mutant lacking FIS activity, we 
do not know whether FIS is an essential protein for Gin- 
mediated site-specific recombination, or whether it plays 
an accessory role in the recombination process. In light 
of the similarities of FIS and IHF, it is tempting to speculate 
that FIS enhances the capacity of Gin to carry out inver- 
sion. What could be the mechanism for such an enhance- 
ment? We have shown that FIS stimulates inversion only 
in plasmids that carry sis, which suggests a direct interac- 
tion between FIS and sis. 
We consider two explanations for how such an interac- 
tion could stimulate inversion. The binding of FIS to sis 
could result in a conformational change of FIS, thereby al- 
lowing Gin to enter a complex with FIS. Alternatively sis 
could be a site where FIS is picked up by Gin as it wanders 
along the DNA, as has been suggested for pN attachment 
to RNA polymerase at nut (Friedman and Gottesman, 
1983). In both cases the complex would continue to dif- 
fuse along the DNA until it reached a recombination site 
and carried out the recombination. In such models FIS 
represents an essential component of the recombination 
machinery. In the absence of sis the complex might form 
by chance, since both proteins are DNA-binding proteins 
and show unspecific affinity for DNA. Their chance colli- 
sion would account for the residual recombination activity. 
A second type of model proceeds from the assumption 
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that FIS b inding to sis changes  the conformat ion  of the 
DNA molecu le  in such a way that the recombin ing  sites 
become more access ib le  to Gin. In this context  it should  
be noted that such a proper ty  has been suggested  for IHF 
(Lange-Gusta fson  and Nash,  1984). The  dist inct ion we 
must make is the long- range effect  of such an interaction. 
S ince G in-mediated recombinat ion  requi res  a superco i led  
DNA substrate (P lasterk et al., 1984; Mer tens  et al., 1984), 
FIS could be involved in chang ing  the superhe l ica l  struc- 
ture in a direct ion more sui table for Gin or its catalyt ic 
activity. 
We are espec ia l ly  intr igued by the f inding that ~.attP can 
part ia l ly  subst i tute for sis(Mu). Since we have demon-  
strated that IHF cannot  rep lace FIS, we have to f ind an ex- 
p lanat ion for these  seeming ly  contrad ictory  results. Such 
an exp lanat ion  is o f fered by Lange-Gusta fson  and Nash 
(1984). They  cite exper iments  where  they have shown that 
a var iant  int gene product,  I nt-h, which can carry  out ~. site- 
speci f ic  recombinat ion  in the absence  of IHF, is a l tered in 
its abil ity to promote  intermolecu lar  versus  int ramolecu lar  
recombinat ion  by addit ion of c rude  extracts from cel ls car- 
ry ing a delet ion in the himA gene. We interpret this as sug- 
gest ing that there may be host factors other  than IHF that 
can interact with attP, and we propose  that one  of these 
could be FIS. We are current ly  pur i fy ing FIS protein to es- 
tabl ish such an interaction and to study its genera l  b inding 
propert ies.  
Though many quest ions,  espec ia l ly  those concern ing  
the mode of act ion of sis and FIS, remain to be answered,  
we have uncovered  a novel feature of G in -mediated 
recombinat ion,  which may lso app ly  to other  s i te-speci f ic  
recombinat ion  systems. Fur thermore,  this system could 
provide a useful  model  for studying the effect of se- 
quences  that act in a manner  independent  of or ientat ion 
and d is tance in eukaryot ic  gene  express ion .  
Experimental Procedures 
Strains 
CSH50-F- araA(/ac pro) strA thi (Miller, 1972); CSH5O recA::Tnl0 (R. 
Kahmann, unpublished); WA3782-metrecA hsd K (lida, 1984); K12 AHI 
Atrp (Remaut et al., 1981). These four strains lack an activity that can 
complement a Mugin- mutant (Kamp and Kahmann, 1981; lida, 1984; 
G. Mertens and R. Kahmann, unpublished). The following strains were 
all obtained from H. Miller: K5076-A (pro lac) su ÷, K5199-K5070 himAA82, 
K5242-N99 himAA81, K5240-N99 himD::Mucts62 himAA82::TnlO. 
Plasmids 
pMuG3(-)AH (Mertens et al., 1984); pLMugin-0163 (Mertens etai., 
1984); pMuGI5 (Kahmann et al., 1984); pMuGFR4 (Kahmann et al., 
1984); pBR322 (Bolivar et al., 1977); pMu1034 (Kahmann, 1983). Plas- 
mids were propagated in WA3782 or CSH50 recA::TnlO for isolation of 
DNA. 
Buffer 
TMD (20 mM Tris-HCI pH 7.5; 10 mM MgCI2; and 0.1 mM dithiotreitol); 
TD (20 mM Tris-HCI, pH 7.5, and 0.1 mM dithiothreitol); TEAMD (20 mM 
triethanolamine, pH 7.5; 10 mM MgCI2; and 0.1 mM dithiothreitol); TDT 
(TD containing 0.1% Triton X-100); TDTP (TDT containing 50 /~g/ml 
phenylmethylsulfonylfluoride); Gin storage buffer (TDTP, 500 mM 
NaCI, 50% glycerol). 
Miscellaneous Methods 
All cloning procedures, gels, bacterial transformations, and Bal 31 
digestions followed established procedures described by Maniatis et 
al. (1982). Restriction endonucleases and DNA-modifying enzymes 
were purchased from Boehringer Mannheim, Amersham, or New En- 
gland Biolabs. DNA sequences were determined by the dideoxy 
method of Sanger etal. (1977) after cloning appropriate fragments into 
M13mp9 (Heidecker etal., 1980). Incorporated label was [o~-3sS]dATP 
(Amersham). 
Plasmid Constructions 
pMuGFR4 is a pBR322-derived plasmid carrying a mini-G-segment of 
132 bp into which a Barn Ht linker has been inserted, 173 bp of o~ se- 
quences up to the Eco RV site, and 787 bp of/3 encompassing an intact 
gin gene (Kahmann et al., 1984). This mini-G-segment is inverted with 
normal frequency in vivo. pMuGFR4 has acquired a spontaneous dele- 
tion in the pBR322 vector portion extending approximately from posi- 
tion 375 to 1725 (E Rudt, unpublished). To isolate deletion derivatives, 
pMuGFR4 DNA was linearized via the only Ava I site within the gin 
gene and was digested with Bal 31. Bgl II linkers d-CAGATCTG were 
inserted before ring closure. These plasmids are termed pMuGFRX (X 
indicates the length of fl between IR-R and Bgl II linker in base pairs). 
The approximate size of the deletion with respect o the I R-R was deter- 
mined by cleavage with Eco RV + Bgl II. Exact deletion endpoints 
were determined by sequence analysis after cloning Eco RV-Bgl II frag- 
ments into M13mp9 cleaved with Hind II + Barn HI. Subsequently, a 
1555 bp Barn HI-Bgl II fragment containing the nee gene without its 
promoter (Beck et al., 1982) was isolated from a Tn5 insertion in pMu 
1034 (R. Kahmann, 1983 and unpublished) and was inserted into the 
Bam HI site located within the mini-G-segment in the pMuGFX plasmid 
series. Plasmids containing the nee gene but not expressing Km r 
were isolated. They contain the nee gene in a counterclockwise orien- 
tation with respect to the P2 promoter (Steber and Bujard, 1981) of 
pBR322. Plasmid pMuGFR51 was constructed by first cloning the ~R 
segment of pMuGFR4 on an Eco RV-Bam HI fragment into pBR322. 
In a second step, a Xho II fragment containing the L/~ sequence of 
pMuGFR4 was inserted into the Bam HI site in such a way that the 
orientation of Mu sequences is oR-L/3. A fragment containing the nee 
gene was subsequently inserted into the Barn HI site as described 
above, yielding plasmid pMuGFR51neo, pBRminiG is derived from 
pMuGFR4 by cloning the mini-G-segment and flanking regions on 
an Ava I-Eco RV fragment into the respective sites of pBR322. 
pBRminiGneol contains the nee gene inserted into the Bam HI site in 
a counterclockwise orientation (Figure 2). For the construction of pMu- 
aGc~neo, an Eco RV-BAM HI fragment, encompassing 173 bp of o~, the 
left inverted repeat of G, and 81 bp of G (Kahmann et al., 1984) was 
isolated from pMuGFR4 and was cloned into the respective sites of 
pBR322. This plasmid was ubsequently cleaved with Bam HI and Nru 
I and was used as a cloning vehicle for an Eco RV-Bam HI fragment 
from pBR322miniGneo2 (Figure 2), encompassing 173 bp of c~, the left 
inverted repeat, 35 bp of G, and the nee gene. Because of the cloning 
scheme, the nee gene in pMucrGc~neo is oriented in a counterclockwise 
orientation with respect to the P2 promoter. 
Plasmids containing insertions in the /3 region are derived from 
pMuG3(-)AH, a gin- plasmid with a shortened G segment (Mertens et 
al., 1984; Kahmann et al., 1984) into which a Bgl II linker has been in- 
serted. This plasmid was partially digested with Xho I1. Linear 
molecules were isolated, and the recessed 3' ends were filled in with 
Klenow fragment (Maniatis etal., 1982). Barn HI linkers (d-CCGGAT- 
CCGG) were inserted before ring closure. A clone in which the Xho II 
site in fl, which lies 51 bp to the right of IR-R, had been converted to 
a Barn HI site was isolated (pMuG3ABam). ~1857 DNA was digested 
with Xho II, and the mixture of fragments was cloned into the Barn HI 
site of pMuG3&Bam. Plasmids from this series are termed 
pMuG3t~Bam~.X, where X indicates the length of the inserted ~. frag- 
ment in base pairs. 
pMuGI5 contains the G segment of Mu cloned on a Bgl I-Xho II frag- 
ment into the filled-in Bam HI site of pBR322 (Kahmann et al., 1984). 
pMuGI5A is identical with pMuGI5 except for the deletion of an Hpa I 
fragment internal to G and its replacement with a Bgl II linker. An Aha 
III fragment (161 bp, position 39-200 in fl) was cloned in both orienta- 
tions into the Eco RV site present in the pBR322-part of pMuGI5. The 
resulting plasmids are termed pMuGI5-Ahal and pMuGI5-Aha2. The 
orientation of the insert was determined by cleavage with Xho I1. 
pMuGI5-Aha3 was constructed by cloning the 160 bp Aha Ill fragment 
via Barn HI linkers into the Bgl II site of pMuGI5t,. The orientation of 
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the insert was determined by cleavage with Nci I. pBRsis contains the 
same Bam HI fragment cloned into the Bam HI site of pBR322. 
Purification of Gin Protein 
Gin protein was purified from K12AHIMrp/pLMugin-0163. Cells were 
grown in 300 ml dYT 60 t~g/ml ampicillin at 28°C to about 8 x 10 ~ 
cells/ml, shifted to 42°C for 30 min, and then harvested. Cells were 
washed with TMD, resuspended in 2.5 ml TMD with 10% sucrose, and 
frozen at -70°C. After they were thawed, cells were disrupted twice 
in a French pressure cell. NaCI was added to a final concentration of 
1 M. The lysate was cleared by centrifugation at 40,000 rpm in an SW50 
rotor for 1 hr. The supernatant was dialyzed against TD, 50 mM NaCI 
for 2 hr at 4°C. Precipitated material wascollected by centrifugation for 
5 min in Eppendorf tubes. Pellets were resuspended in TDT and 2 M 
NaCI, layered on a 1.5 ml CsC! cushion (Q 1.5) in TDT with 2 M NaCI, 
and centrifuged for 5 hr at 40,000 rpm in an SW50 Ti rotor. The fraction 
above the CsCI cushion was dialyzed overnight together with 1.5 g 
DNA cellulose (native calf thymus DNA, PL) against TDTP, 100 mM 
NaCI, and 1 mM EDTA. The dialysate of about 20 ml was transferred 
into a small column and was washed with 15 ml TDTP and 100 mM 
NaCI. Protein bound to DNA cellulose was eluted with a 20 ml linear 
gradient from 100 mM NaCI to 1 M NaCI in TDTP. Fractions of 2 ml were 
collected and dialyzed for 24 hr against Gin storage buffer. Fractions 
were stored at -20°C. 
Preparation of Crude Host Factor 
Three hundred milliliters of ceils were grown in dYT-medium (Miller, 
1972) to a cell density of 5 x 109/ml at 32°C. Cells were washed once 
with cold buffer (20 mM Tris-HCI, pH 7.5; 20 mM NaCI; 1 mM EDTA; 
and 100/o glycerol) and were resuspended in 2 ml of the same buffer. 
Cells were disrupted by sonification, and ebris was removed by cen- 
trifugation (27,000 x g, SS34 rotor, 20 min 0°C). The supernatant was 
diluted 1:5 into 20 mM Tris-HCI (pH 7.5) and 10% glycerol and was 
boiled for 15 min. Precipitated protein a d DNA were removed by a 
2 min spin in an Eppendorf centrifuge at room temperature. The super- 
natant was stored at -20°C and was used as crude host factor fraction. 
Trypsin Digestion of Crude Host Factor 
Twenty-five microliters of crude host factor prepared from K12AHIt~trp 
was incubated with 2.5/~1 trypsin (Worthington, 10 mg/ml in 20 mM Tris- 
HCI, pH 7.5, and 10% glycerol) for 30 min at 37°C. Two and one-half 
microliters trypsin inhibitor from soybeans (Worthington, 20 mg/ml in 
20 mM Tris-HCI, pH 7.5 and 10% glycerol) was added prior to using 
digested host factor. In control experiments, trypsin inhibitor was 
added first, followed by addition of trypsin and incubation at 37°C for 
30 min. 
Physical and Biological Assay for G Inversion 
G inversion was monitored by cleavage of plasmid DNA with restriction 
enzymes that cut the G segment asymmetrically with respect to a site 
outside the G segment. After inversion and subsequent cleavage, two 
new junction fragments were generated and were visualized on gels. 
The detection limit ofthis procedure, which relies on staining DNA with 
ethidium bromide, is about 5% inversion. To quantitate the extent of 
recombination, inversion bands were compared to unreacted bands on 
a densitemetric scan (LKB 2202 ultrascan l ser densitometer) of a 
negative of an ethidium bromide-stained gel. In the biological assay, 
plasmid DNA with the nee gene inserted in G, counterclockwise with 
respect to P2, was treated with Gin and was then transfected into 
WA3782 or CSH50. Transformants in WA3782 were selected first on Ap 
plates (60 /~g/ml Ap), and in a second step, were replica plated on 
plates containing Ap (60 t~g/ml) and Km (500 #g/ml). Transformants in 
CSH50 could be selected irectly by plating transformation mixtures 
in soft agar on Ap plates (60 #g/ml Ap) or on plates containing Ap (60 
#g/ml) and Km (75 ug/ml) and by applying a second overlay of soft agar. 
Km r transformants arising with a frequency of 10 -s could be detected 
easily. The inversion frequency was calculated as the ratio, in percent, 
of Km r to Ap r transformants. 
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